This study evaluated patterns and drivers of vegetation change in a semi-arid grassland in southern Arizona across eleven years of extended drought and high temperatures, 2004e2014. Changes included declines in C4 perennial grass basal cover with patchy grass mortality, leaf litter increases, shrub declines, and increases in non-native grass Eragrostis lehmanniana. Linear mixed-effects models identified precipitation during JanuaryeJune "extended spring" as the best predictor of grass basal cover, especially when plots were grouped by soil and topographic features. Models showed that a decrease in extended spring precipitation from 150 to 50 mm was associated with loss of one-quarter to one-half of plots' total grass cover. Association of grass declines with this novel season of drought is especially relevant because global circulation models predict steep declines in spring rainfall. Increasing E. lehmanniana dominance was also associated with native grass declines. There was little support over this time for predicted effects of livestock grazing or shrub encroachment. This study demonstrated how monitoring data from working landscapes can improve ecological understanding of drought. Findings also suggest managers could improve chances for sustaining resilience by responding to rainfall in multiple seasons, monitoring for mortality events, and establishing contingency plans for various types of drought.
Introduction
Grasslands cover some 40% of global lands that are not under ice, with a third of these occurring in semi-arid climates (White et al., 2000) . These lands are changing quickly, with the pace and extent of vegetation shifts and land conversion exceeding many other major biomes (MEA, 2005; White et al., 2000) . Across the world, grassland vegetation changes are ascribed to a handful of major driving forces: drought, shrub encroachment, grazing by livestock and/or wildlife, fire, invasion of non-native species, and human interventions such as land conversion or brush removal (White et al., 2000) ; many of these forces have a climate change component.
Of these drivers, drought and associated climate changes have gained urgency as people in many drought-stricken parts of the world try to understand how recent extreme dry and hot conditions will affect their ability to sustainably manage grasslands now and into the future. Drought, and research into drought impacts, has long been a major focus of range science as land managers, livestock producers, and others strive to sustain various ecosystem services through inherently variable climate conditions. Recognized effects of rangeland drought include lost productivity and cover MEA, 2005; Moran et al., 2014; Robinett, 1992; Ruppert et al., 2015) , mortality of perennial grasses (Godfree et al., 2011; Hamerlynck et al., 2013; Svejcar et al., 2014) , shifts in species and/or functional groups Moran et al., 2014) , altered gas and nutrient exchange (Hamerlynck et al., 2013; Scott et al., 2015) , soil erosion (Polyakov et al., 2010) , and a wide range of economic and social impacts (MEA, 2005) . Studies on drought impacts in grasslands have found grass mortality and/or declines in cover associated with rainfall deficits at seasonal, annual, and multi-year scales, with no consensus on the time frame of associated with primary effects (e.g. Cable, 1975; Crimmins and Crimmins, 2003; Fuhlendorf et al., 2001; Gremer et al., 2015) . Additionally, the duration, magnitude and spacing of precipitation events, soil moisture, and temperatures has been shown to influence drought responses (e.g. Godfree et al., 2011; Gremer et al., 2015; Hamerlynck et al., 2013) . Effects of drought can also be strongly mediated by site conditions like soil characteristics, topographic setting, grazing use, mulch, vegetation cover and composition (e.g. Chamrad and Box, 1965; Duniway et al., 2010; Godfree et al., 2011; Robinett, 1992; Ruppert et al., 2015) .
Climate change research indicates that drought effects and associated plant mortality may intensify in the future due to warmer temperatures and potential declines in seasonal rainfall. Higher temperatures have been associated with enhanced drought mortality in woodlands in the American Southwest (Breshears et al., 2005) , but such effects have not yet been widely demonstrated in rangelands or even evaluated in these systems (Svejcar et al., 2014) . Additionally, most global circulation models (GCMs) predict an approximately 20% decline in spring precipitation in the American Southwest by the end of the century, whereas changes in other seasons are more uncertain (Garfin et al., 2013, chapter 6) . Most GCMs also describe intensifying rainfall extremes, with both more frequent drought and flooding events (Garfin et al., 2013, chapter 7) .
Improving our ability to sustain grassland services through a variable and shifting climate will require refining our understanding of how grasslands respond to and recover from drought, and how other site conditions and management actions mediate drought effects. Research conducted in working landscapes, where grasslands are managed to provide cattle forage or other human benefits, can add both breadth and realism to our understanding of drought. Studies in these landscapes are important additions to traditional research sites because they encompass a broader set of ecological conditions and land use contexts, and because they represent an underutilized set of data on grassland dynamics. Such research can also be directly applied to figuring out how to minimize impacts of drought and enhance recovery after drought e i.e., how to manage for resilience. Considered broadly, resilience can be described as the ability to absorb disturbance without losing ecosystem function and structure, e.g. vegetation cover and species composition (Elmqvist et al., 2003; Folke et al., 2004) .
In this study, we document patterns and drivers of vegetation change from 2004 to 2014 across a multi-year drought at Las Ci enegas National Conservation Area (LCNCA), a working landscape in southeastern Arizona administered by the Bureau of Land Management. This site is representative of a region of semi-arid grasslands in the Southwestern United States and Northern Mexico which is known for its globally high conservation value (McClaran and Van Devender, 1995) , while having higher grass cover than many with other sites in the region. Although vegetation data from this site is relatively rich compared with most working landscapes (more plots, more cover points per plot, and more consecutive years), it reflects the kind of data that is widely collected to inform site-specific management decisions, yet rarely gets compiled across years and analyzed to distil ecological insights.
This study had several objectives. First, we described the climate context of our study site by comparing conditions and trends during the study period to long term patterns in total precipitation and mean daily temperature across multiple seasons (winter, summer, monsoon, extended spring, and entire year). Second, we evaluated trends through time in vegetation cover (perennial grass basal cover, bare ground, leaf litter, dominance of exotic grass, and shrub cover). Third, we evaluated how various driving factors might explain the variation we found in perennial grass cover. We focused on perennial grass basal cover as a response variable because it is less temporally variable than many other grass measures and has well documented relationships with key grassland ecosystem processes including soil erosion and biotic integrity (Nafus et al., 2009; Pellant et al., 2005) . We based our choice of explanatory variables on available data and on previously published research, using general predictions about potential relationships between perennial grass cover and three types of drivers: climate; local soil and topographic conditions; and vegetation and grazing feedbacks. Lastly, we interpreted these changes in terms of resilience concepts and made recommendations for future actions to sustain that resilience.
Methods

Site description
LCNCA encompasses a grassland valley and stream system in southeastern Arizona and is public land under the jurisdiction of the Bureau of Land Management (BLM; Fig. 1 ). The climate is semiarid with a bimodal distribution of precipitation. Mean annual precipitation is 405 mm (PRISM data, Fig. 2) , with 57% falling in monsoon season (JulyeSeptember) and most of the rest falling between December and March. Average annual temperature is 15.7 C, with winter mean daily temperatures (OctobereMarch) averaging 10.4 C and ranging from À5.3 to 29.9 C. Summer temperatures (AprileSeptember) average 21.1 C and range from 1.9 to 35.8 C. Seasonal climate cycles are similar to those described for the nearby Santa Rita Experimental Range (Gremer et al., 2015, Fig. 2a) . Soils are alluvial and hillside formations derived from mixed sedimentary and volcanic parent materials; textures range from gravely to sandy loam to clay loam. Grasslands at this site range in elevation from 1300 to 1500 m, and support over 40 species of native perennial grass.
Valley and foothill grasslands in this area are within the semidesert grassland community type, further differentiated as Major Land Resource Area 41 (Fig. 1) by the Natural Resources Conservation Service (NRCS; Hernandez et al., 2013; MacEwen et al., 2005) . They transition into a mix of Sonoran and Chihuahuan Desert communities at lower elevations, and into montane scrub and woodland communities at upper elevations. These grasslands support high species diversity due to their biogeographic setting, heterogeneous soil types and topography, and highly variable rainfall (McClaran and Van Devender, 1995) . In addition to a large suite of native annual plants, perennial herbs and shrubs, grasslands in this region are composed of a diverse mix of native C4 perennial grasses that include species from the Great Plains (e.g. blue grama) as well as species typical of Chihuahuan Desert Grasslands (e.g. black grama) and several species endemic to this smaller region (e.g. Santa Rita grama) and locally adapted varieties of wide ranging species (e.g. sideoats grama). An exotic perennial grass Eragrostis lehmanniana (Lehmann lovegrass) was brought to the region for erosion control and forage in the 1930's, spread beyond its planting locations, and continues to expand in both extent and dominance across the region Schussman et al., 2006) . Most of the region's grasslands have also supported domestic livestock grazing for the last 130e300 years.
LCNCA is managed as a working landscape to sustain biodiversity, livestock grazing, watershed function, and other ecosystem services. Managers and partners have attempted to improve resource outcomes by applying adaptive management principles, setting measurable resource condition objectives for the site's grasslands and comparing annual monitoring results with these objectives when making livestock management and restoration decisions (Gori et al., 2010; Caves et al., 2013) . Condition objectives for grassland habitats include numerical targets for maximum bare ground (as an indicator of erosion risk and site integrity) and minimum basal cover of perennial grasses (live rooted area of grass plants as an indicator of biotic integrity, forage potential, wildlife hiding cover, soil erosion, etc.; Hernandez et al., 2013 , Pellant et al., 2005 . These objectives were initially set at <30% and >10% respectively (Gori et al., 2010) , but later tailored to better match the needs and potentials of each Ecological Site (<20-<30% for bare ground and >5e10% grass basal cover). Ecological Sites are descriptive units characterized by distinct combinations of climate, soil, topography, and vegetation (USDA-NRCS, 2003; Bestelmeyer et al., 2009 ).
Livestock grazing is managed by the Bureau of Land Management (BLM) and a private rancher under a permit agreement, with input from stakeholders. Cattle are cycled through pastures across the 30,350 ha (75,000 acre) allotment under a flexible rest-rotation strategy, with forage consumption by livestock limited to 30e40% of current year's growth on key perennial grass species (BLM, 2003) . Actual cattle numbers ranged from 1000 to 1400 adult animals during this study. Decisions on herd size and rotation are made on the basis of available forage and water, recent rainfall, plant phenology, vegetation monitoring data, use history, and coordination with other activities such as prescribed fire. The site's fire and vegetation management program is designed to maintain grasslands close to their historic plant composition and function (BLM, 2003) , largely via controlling encroachment of native woody plants that have expanded across the region over the past 100 þ years (McClaran and Van Devender, 1995; Van Auken, 2000) .
Drought data and analysis
To represent climate in the study period, we extracted monthly and seasonal temperature and precipitation data from 2004 to 2014 from the Empire Remote Area Weather Station (QEMA3, http:// mesowest.utah.edu/). This climate station was located near the geographic center of our study area ( Fig. 1) and had an unbroken record of climate data from 1989 to present. A suite of rain gages across this site showed that precipitation did vary among plots, especially during monsoon season, but measurements were not complete enough to use in this analysis. To evaluate the longerterm climatic context, we used the PRISM climate model (PRISM Climate Group, Oregon State University, http://www.prismclimate. org) averaged across the 12 four-kilometer grids that overlapped the study area. This dataset includes monthly totals for rainfall and monthly averages for temperature metrics from 1895 to 2014. Because rainfall and temperature data were non-normally distributed, we used non-parametric Wilcoxon Signed Rank tests to compare seasonal and annual means from the study period with long-term means from the 120-year period of record. We also used non-parametric Mann-Kendall statistics to evaluate trends in temperature and precipitation during the study and over the longer period of record.
Vegetation data and analysis
Plant and ground cover data has been collected since 1995 on long term plots that were designed to reflect conditions on a crosssection of the conservation area. Locations of these plots were selected to represent conditions across all ecological sites and grazing pastures (USDA-NRCS, 2003) . Plots included five pairs of grazed/exclosure plots matched for soil, slope, Ecological Site, and initial cover. A sub-set of plots was sampled every year from 1995 to 2014. This paper focuses on analyses of plot readings conducted from 2004 to 2014 because methods and samples sizes were modified in (Gori et al., 2010 . We restricted analyses to plots with four or more readings over this 11-year span, which resulted in 30 plots and 206 readings (Table 1, Supplemental Materials  Table S1 ). Data collection during this time used standard line-point intercept methods, with additional shrub foliar cover measurements taken periodically using line intercept methods . The choice of which plots to read each year was neither systematic nor completely at random. While completely random sampling is ideal from a statistical perspective, data collection on working landscapes tends to have other constraints such as limitations in staffing or other logistical considerations. In this case we saw no systematic biases in sampling that violated key assumptions of repeated measures analyses that accommodate missing data and unbalanced sampling designs (below). To characterize changes in vegetation through time, we used General Linear Models with Mixed Effects for longitudinal analyses (mixed-effects models), using the MIXED procedure in SAS version 9.3 (SAS Institute Inc., Cary NC). This approach accounted for some of the inherent variability among plots and accommodated missing data for plots not measured in all years and a sampling design that was unbalanced for some parameters. Trend analyses were run for total perennial grass basal cover (square root transformed to normalize residuals), bare ground (square root transformed), and leaf litter (no transformation needed). Trend models were run with one to three fixed effect variables: year, topographic soil groups (described below), and an interaction term to test whether trends differed among soil groups. We used a plot identification variable as a random effect to account for repeated measures at the same locations over time, and pasture name as an additional random effect to account for the potential lack of independence of some plots located on the same pasture ( Table 1) . Variability of cover measurements within plots matched ARH1 covariance structure better than other plausible options evaluated (Variance Components, Unstructured, Compound Symmetry, AR1, ARH1, ANTE1, TOEP and TOEPH). Pasture covariance structure was best described by Variance Components (also evaluated: Compound Symmetry). Random effects of plot and pasture both accounted for substantial amounts of variation.
We used Akaike's information criteria (AIC) and model weights to compare and select models that had the lowest AIC. We examined the residuals of each model to ensure that there was no discernable pattern or dispersion or bias. Additionally we use the CORR procedure in SAS 9.3 to examine correlations between explanatory variables and eliminated from consideration any models with independent variables that had correlation coefficients >0.6 with one another.
Where vegetation data did not meet modeling assumptions even after transformations, we used non-parametric trend tests (Mann-Kendal tests for trends in cover of E. lehmanniana, Wilcoxon Signed Rank tests for changes in shrub cover between first and last observations on each plot).
Driving factors of vegetation change
We also used mixed-effects models to evaluate relationships between perennial grass basal cover and potential driving factors such as climate, soils, management, and vegetation feedbacks. We developed two sets of models; the first focused on total perennial grass basal cover as the response variable because it is a robust indicator of grassland resilience and sustainable yield (Nafus et al., 2009; Pellant et al., 2005) and is a primary management indicator for this site. The second set focused on the basal cover of native grass species, which allowed us to evaluate relationships between native grasses and the expansion of the exotic E. lehmanniana along with other factors. Based on previously published research, we made general predictions about potential relationships between perennial grass cover and three types of fixed effects: climate; local soil and topographic conditions; and vegetation and grazing Dashed lines show the long-term means for entire period and short-term mean for our study period. Estimates based on PRISM model (Daly et al., 2008) . Inset graph shows relationship between Empire weather station data used in our mixed effect modeling and modeled PRISM data shown in main figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) feedbacks. We hoped to evaluate additional management actions (prescribed fire, shrub removal) but were unable to include them in the models because data for these factors were limited to a small set of plots on just one soil type.
Before model selection, we used a variable selection process to choose a parameter to best represent winter and spring conditions because these seasons are not as climatologically discrete as the monsoon season, and previous research has used a variety of definitions. All climate variables were calculated from the Empire QEMA3 climate station. This involved comparing several multimonth periods to identify which non-monsoon window of cumulative precipitation was most associated with fluctuations in perennial grass cover (Supplemental Information Table 1 ). Variables in this selection process spanned the narrowest interval described in previous research (FebruaryeApril, Hamerlynck et al., 2013) to wider intervals that describe cool-season precipitation totals (DecembereApril, OctobereMarch) and intervals that spanned late winter through arid-fore summer months (JanuaryeJune). We chose the JanuaryeJune period from this variable selection process because it had the lowest AIC of all non-monsoon seasonal windows, and used it for all subsequent modeling.
Construction and selection of mixed-effects models were done in stages to reduce the total number of models evaluated (Littell et al., 2000) . Stages were developed in a hierarchal order. Stage 1 evaluated associations with annual and seasonal drought; stage 2 evaluated whether additional climate parameters added information to the model; stage 3 evaluated how local soil and topographic settings might ameliorate or exacerbate these regional drought conditions; and finally stage 4 evaluated how local vegetation or grazing responses to climate and soils might feed back to influence perennial grasses. The best performing model from each stage was used to begin the next stage. All models tested represented biologically reasonable hypotheses supported by previously published research.
Drought variables used in stage 1 were selected based on parameters that had provided value in previous drought studies within the region including annual precipitation (Fuhlendorf et al., 2001; Moran et al., 2014) , summer monsoon (JulyeSeptember; Cable, 1975; McClaran and Van Devender, 1995; McClaran et al., 2003; Neilson, 1986) , and winter and spring precipitation (Cable, 1959; Robinett, 1992; Hamerlynck et al., 2013) as represented by the JanuaryeJune season selected in the variable selection process.
Stage 2 took the best performing single-season precipitation variable and added several additional drought indicators to test whether combinations of climate variables better explained changes in grass basal cover. These additional climate variables included rainfall in adjacent seasons, a temperature variable, and two timing variables. We added JanuaryeJune mean daily temperature to explore predictions that recent warmer temperatures in spring months would exacerbate drought effects. To represent the length of the drought stress period that occurs each year during this region's arid fore-summer (McClaran and Van Devender, 1995; Gremer et al., 2015) , we calculated the number of dry days between the last spring rain and first summer rain, excluding any small events that totaled less than 5 mm in a three day span (variable termed "Consecutive Dry Days"). To represent the variability in the effective length of springtime each year, we calculated a green-up temperature threshold as the day of year (Julian numerical date) where average of mean daily temperatures exceeded 10 C for a 14 day window (variable termed "Temp Greenup Date"). Because temperatures varied across our site and we expected that actual temperature cues for breaking cool-season dormancy would differ among species, we considered this a generalized phenology index rather than a specific date.
In stage 3, we explored the degree to which grouping plots with similar soils and topographic settings could help explain variability in perennial grass cover. We evaluated four different ways of grouping plots, including NRCS Ecological Sites, plant-soil moisture relationship ratings described in Ecological Site descriptions, and two aggregations established for this analysis: plots grouped by soil textures, and plots grouped by both soil and topography features along a continuum of potential plant productivity. In this last grouping, plots within topography soil Group 1 had the highest potential productivity, occurring in areas with high soil organic matter content, slightly higher average precipitation, and/or topographic positions such as north-facing slopes with lower evaporation and swales with added rainfall runoff. Topography soil Group 2 plots were in settings with intermediate productivity potential, and Group 3 plots had low potential productivity due to steep slopes, shallow soils, and/or limestone/caliche soil components. In phase 4, variables to test for management and vegetation feedbacks included: negative effects of initial shrub cover on grasses, negative effects of recent grazing, the ability of leaf litter to act as mulch to retain soil moisture and promote recovery of plants under drought conditions, and (for native grass models only) effects of the exotic species E. lehmanniana. We used shrub cover values from the first reading for each plot, and looked at total shrub cover including all woody perennial species and Prosopis velutina (Velvet Mesquite, known for its competitive abilities). For grazing, we reconstructed a generalized history of annual pasture use that distinguished use versus rest in a given year, with the year defined as the 12 month period prior to our sampling window and coinciding with the October 1-September 30 water year. Accurate reconstruction of a more comprehensive seasonal grazing history or quantitative grazing utilization parameter was not possible due to many complicating factors. We evaluated two variables for E. lehmanniana: basal cover and canopy cover dominance (the proportion of total perennial grass foliar cover made up of exotics) because we expected that these two variables to be representative of slightly different species interactions (e.g. the former competition for soil resources, the latter competition for above ground or light resources). Dominance measures also factor out some between-year variability in overall cover values. We also included a model with an interaction term between grazing and E. lehmanniana, to represent the prediction that dominance of this exotic can intensify grazing use on remnant patches of native grasses that can be more palatable than the exotic in some seasons (Cox et al., 1990) . Other non-native perennial grasses (Eragrostis curvula, E. superba) made up only trace amounts of cover so were not included.
Results
Drought conditions and trends
Comparing the study period with the longer-term record (Fig. 2) showed that the 2004e2014 study period coincided with a multiyear drought in this region. Means of annual and seasonal precipitation during this period were significantly lower than the long-term means for all seasons tested except for summer (Table 2a) . Only two of our study period's 11 water year precipitation totals were above the long-term average; four years were in the lowest 20th percentile (below 327 mm at this site) which has been used as a definition of severe drought. Some of the seasonal precipitation totals were also quite extreme relative to long-term variability; six were in the lowest 20th percentile of the long term distribution of JanuaryeJune seasons (below 58 mm), with 2011 being the lowest in the 120 year record. Despite these recent extremes, there were no significant short or long-term directional trends in seasonal or annual precipitation (Table 2a) .
Mean daily temperatures from our study period were significantly warmer than the longer record means for all seasons tested (Table 2b) , with recent temperatures averaging 0.52 C (0.93 F ) to 0.64 C (1.15 F ) warmer (summer and JanuaryeJune respectively). In trend tests, mean daily temperatures increased significantly from 2004 to 2014 when averaged across the year; short-term seasonal increases were not significant (Table 2b) . Over the long term record, the average of mean daily temperatures showed significant upward trends over all seasons (Table 2b) . Mean daily temperatures also showed long term upward trends for all 12 months, significantly so in May, June, July, August, September, and October (data not shown). From 2004 to 2014, duration of dry periods between last spring and first summer rain varied from 37 days (2008) to 223 days (2012; QEMA3 station data, mean 116, stDev 62). Our temperature index for greenup timing was hit between January 14 and March 24 (mean February 25, stDev 22 days). For these daily variables, the monthly format of early PRISM data precludes testing for long-term trends or comparing study period and long-term values.
Vegetation condition and trends
Perennial grass basal cover and bare ground decreased over the study period, though both showed considerable variation among plots and across years (Fig. 3) . Mixed-effects models showed how cover trends varied by topography and soil settings after factoring out random effects of plot and pasture (Table 3) . Plots in the wettest and most productive settings (topographic soil Group 1) tended to maintain the highest overall grass cover but also experience the steepest declines in cover over the study period (Fig. 3, Table 3 ). The driest sites with the shallowest soils (Group 3) had the lowest average grass cover but this cover actually increased slightly during the study. Considered an improvement in condition, bare ground decreased in all groups at roughly equal rates. An increase in leaf litter on the soil surface of all groups explained how bare ground could decrease while the dominant plant type was also declining on most plots. Litter accumulated fastest in Group 2, slowest in Group 3.
Other notable patterns included higher cover of Eragrostis lehmanniana in topographic soil Group 2 and lowest cover in Group 1. We could not use mixed-effects modeling to examine trends in Eragrostis lehmanniana basal cover because no transformation of cover data met the modeling assumption of equal variance among residuals. Non-parametric trend tests found increases in E. lehmanniana basal cover in all groups (Group 1: Kendal t ¼ 0.20, p < 0.05; Group 2: t ¼ 0.22, p < 0.05; Group 3: t ¼ 0.37, p < 0.001).
Because these tests do not account for random effects of plot and pasture, results are not directly comparable with those from mixedeffects models.
Shrub cover also decreased over this time period (mean foliar cover of all woody plants 15.7% for early measurements versus 9.3% later, p < 0.01 in paired Wilcoxon Signed Rank -tests). This represented change in many shrub species, with almost 50 species recorded. Among the 15 most abundant species, the majority showed declines.
Evidence for driving factors
Mixed-effects models designed to understand drivers of change showed the factors most associated with variation in total perennial grass basal cover were cumulative precipitation from JanuaryeJune, a period we will refer to as "extended Spring", as well as topography soil groups (Table 4 , best model: JaneJune ppt, Topography Soil Groups). In stage 1 of the model selection process, extended spring precipitation explained variability in grass basal cover best, with AIC weights showing this model as more than five times better than the next best model; current and previous year monsoon rainfall totals showed the lowest association with grass cover. Additional climate variables did not improve the extended spring rainfall model in phase 2. Including soil factors in stage 3 greatly improved the drought-only model, with topography-soil group performing best and nearly five times better than the next best model according to AIC weights. Other factors included in Stage 4 did not improve model fit including vegetation factors (mesquite cover, leaf litter), and current year grazing use. The best overall model suggested that a decrease in JaneJune precipitation from 150 to 50 mm was associated with a decrease in total perennial grass basal cover of 1e4 percentage points (Fig. 4) ; on some plots this would represent a loss of more than half the total grass cover. It also showed that average cover values were highest in topography soil Group 1, intermediate in Group 2 and lowest in Group 3 at any rainfall level (as measured at the site's central climate station).
Mixed-effects models for native species basal cover indicated the same importance for extended spring precipitation from January to June (Table 5 , best model: JaneJune ppt, Ecological Site, E. lehmanniana Canopy Proportion). In this case grouping plots by Ecological Sites explained grass cover variation better than topography soil groups. Adding the canopy dominance of exotics (proportion of total grass canopy composed of E. lehmanniana) further improved the model. As with results above, no other vegetation factors added explanatory value, nor did grazing use. However, the model with an interaction between E. lehmanniana dominance and grazing came within two AIC points of the top model. Coefficient estimates and confidence limits show similar effect sizes of factors in the best overall perennial grass model and the best native grass model (Table 6 ).
Discussion
Vegetation condition and change
The overall declines we found in perennial grass basal cover were not surprising given the pervasive drought conditions that occurred during the study period, which included seasonally extreme and prolonged rainfall deficits as well as temperatures well above long term means. Declines in vegetation cover in grasslands and savannahs under drought conditions have been widely reported, both in this region (Cable, 1959; Robinett, 1992 and more broadly (e.g. Gremer et al., 2015; Moran et al., 2014; Ruppert et al., 2015) . While monitoring methods in this study did not specifically track plant mortality, field observations indicated that some of these declines were due to mortality of perennial grass plants; the rest represented dieback and shrinking of surviving plant crowns. Observed mortality tended to be patchy, with some locations experiencing much more than others, and multiple species affected. Nevertheless, species richness at the end of our study period was not notably different than at the start, with an average of 11.9 species reported per plot across the whole study (data not shown). Despite exposure to extreme climatic conditions, we did not see conversion to alternate states such as shrublands, barren land, or annual grassland types.
Despite these changes, vegetation and ground cover at this site remained comparable or better than figures reported for many other sites in the region (Hernandez et al., 2013; Mashiri et al., 2008; Moran et al., 2008) . Increases in cover and extent of E. lehmanniana were also consistent with other studies in the region (Bagchi et al., 2012; Schussman et al., 2006) .
Importance of extended spring drought
A key finding of this study was that the most important climate metric for explaining response to drought was not annual rainfall or even rainfall in a traditionally defined season, but a transitional period from January to June that presumably governs how much drought stress plants will experience between reaching growth temperatures and receiving the bulk of the year's rain. This finding is consistent with other studies in the region that documented sharp productivity declines and/or mortality during years with very dry winter and spring seasons (Cable, 1959; Gremer et al., 2015; Hamerlynck et al., 2013; Moran et al., 2014; Robinett, 1992; Schickedanz, 1974 ), but adds insight into possible mechanisms for these effects. In a nearby site, Hamerlynck et al. (2013) documented high perennial grass mortality in years with low cumulative precipitation from February to April. We hypothesize that adding January to this interval may capture years in which early warming initiated some growth in that month, and/or years in which soil moisture from January storms lasted into warmer months. May and June are typically dry months (average total rainfall 5 and 14 mm respectively); including them may have captured years in which anomalous storms provide early relief to stressed plants. Paired with this finding, the fact that global circulation models project declines in spring precipitation in the Southwestern US and Table 2 Changes and trends in annual and seasonal precipitation (a) and temperature (b) at Las Ci enegas National Conservation Area (Arizona, USA) for study period (2004e2014) and long-term record (1895e2014). Comparisons of means between study period and long-term record used non-parametric Wilcoxon signed-rank tests. Significance of trends evaluated using non-parametric Mann-Kendall tests. Plus and minus signs denote the direction of slope estimates for trend. All statistical tests with significant results (p < 0.05) shown in bold text. Estimates based on PRISM model (Daly et al., 2008 
Northern Mexico (Garfin et al., 2013 chapter 6) suggests that grasslands in this region may face more risk of drought mortality in the future.
The importance of extended spring drought found in this study contrasts with other studies that describe warm-season C4 grass species in this region responding to summer monsoon rainfall Fig. 3 . Changes in percent basal cover across study site plots from 2004 to 2014 at Las Ci enegas National Conservation Area (Arizona, USA), including total perennial grass (top row), bare ground (upper middle row), leaf litter (lower middle row) and E. lehmanniana (bottom row). The 30 plots are separated according to topographic and soil characteristics, 10 plots per group. Each data point represents one plot's yearly reading; black diamonds with connecting lines are group averages for that year. (Cable, 1975; Mashiri et al., 2008; Neilson, 1986) or to annual precipitation (e.g. Mashiri et al., 2008; Moran et al., 2014) . One potential explanation for this apparent discrepancy is that most of these studies measured parameters related to canopy growth, e.g. forage production, greenness, or annual net primary productivity, rather than basal cover (e.g. Cable, 1975; Moran et al., 2014) . While basal cover has a strong influence on these other parameters (Cable, 1975; Nafus et al., 2009 ), canopy growth responses to summer Table 3 Trends from 2004 to 2014 in (a) total perennial grass basal cover, (b) litter basal cover, and (c) bare ground cover, by topography soil groups, using AIC mixed-effects modeling at Las Ci enegas National Conservation Area, Arizona, USA. Total perennial grass and bare ground basal cover values were transformed (square root); litter basal cover was not. Intercept estimates show differences in average cover values among groups, slope estimates describe the rate of chance, and interaction terms show differences in the rate of change among groups. Standard error (SE) and 85% confidence limits (CL) also shown. Fixed effects for total perennial grass and litter basal cover models were year, topography soil groups and their interaction. Fixed effects for bare ground basal cover model were year and topography soil groups only (interaction model had higher AIC). Report values show Group 3 as the baseline from which other groups deviate. rainfall can obscure some declines in basal cover, including mortality due to winter and spring drought. Growth of other plants can also mask changes in density or vigor of perennial grasses, especially in studies using remotely-sensed indices of greenness or production that include forbs and annual grasses. Studies that examine productivity data for anomalies and use field data to explain outlier data points may discover signs of earlier widespread mortality (e.g. Moran et al., 2014) , but many such events undoubtedly go unnoticed. In addition, studies that have looked at basal cover or plant density changes may simply have missed detecting spring drought impacts because this non-standard season has not been commonly evaluated (e.g. Mashiri et al., 2008) . In those sites that differ in species composition, it is also possible that some of the divergent results among studies done in the same region are due to differences in how each perennial grass species responds to different seasons of drought (e.g. Chamrad and Box, 1965; Crimmins and Mau-Crimmins, 2003; Schickedanz, 1974) . Given the findings of this study, we would encourage other studies to evaluate basal cover as an important metric, to test for effects of non-standard seasons, and to investigate anomalous cover or productivity measurements.
Where mortality and die-back did occur, local soil and topographic settings seemed to mediate the timing, magnitude and severity of these drought impacts. Total perennial grass cover was highest (but also declined most steeply) on soils with high potential for production and was lowest (but more stable) in settings with shallow soils or steep slopes (Figs. 3 and 4) . This result was consistent with previous studies that showed smaller declines in perennial grass cover on shallow calcic soils versus deeper soils, possibly because these soils can retain moisture near the surface where it is accessible to grass roots for longer periods of time during extreme dry events (Duniway et al., 2010) . However, the apparent stability of grass cover on this soil type may also include an artifact of the window in which we sampled, with some evidence for drought declines preceding this study window (see Supplemental Materials Fig. S1 for data collected prior to 2004 with slightly different methods). Our results support the assertion that regional climate events have widespread impacts, but also suggests that managers of working landscapes would do well to test for ways that these impacts can be moderated or exacerbated at the local site scale due to differences in soil and topographic settings (e.g. Godfree et al., 2011) , or by differences in management. The fact that readily-useable Ecological Site classifications or groupings of these sites substantially improved explanatory power in models suggests that managers can have some confidence that these classifications can help improve management of grasslands under drought conditions (Bestelmeyer et al., 2009 ). We did not find direct evidence of global change type drought (i.e., no additional effects of short-term variation in spring temperature, length of pre-monsoon dry period, or timing of spring warming). However, this could be explained by the fact that all but one of our study years had extended spring temperatures higher than long-term averages (e.g. low variability in temperatures). As temperatures continue to increase, long-term studies will span a wider range of values, increasing the likelihood of detecting effects directly in studies such as this. Meanwhile, other approaches (e.g. Breshears et al., 2005) may be required to test such hypotheses in the short term.
Influence of lehmann lovegrass
In models of native grass cover, canopy dominance of Eragrostis lehmanniana was strongly associated with native grass cover declines, along with effects of JanuaryeJune precipitation and Ecological Sites. This negative association between E. lehmanniana and native plants is consistent with findings elsewhere. Causal mechanisms for this association, however, are not clear, nor is the extent to which E. lehmanniana is responding to declines in natives versus accelerating those declines. Researchers in this region have documented increases in E. lehmanniana cover after drought, fire, or intensive grazing reduced cover of natives (Hamerlynck et al., 2013; McClaran et al., 2003) . Others have documented negative effects of E. lehmanniana on native grasses, either directly via reduced establishment or survival (Beidenbender et al., in McClaran et al., 2003) or indirectly via changes in grazing pressure or fire effects (Cox et al., 1990; McClaran et al., 2003) . Patterns observed here support the possibility that a combination of these forces may be operating. Some of the increases in exotics were clearly preceded by declines in natives. Field observations also documented patches of abundant E. lehmanniana seedlings, some with seeds themselves, in years with no obvious recruitment by native grasses; these may reduce establishment or growth of natives in later years. Nevertheless, we also saw drought dieback and mortality of E. lehmanniana during this period (Fig. 3) , as seen elsewhere in the region (Polyakov et al., 2010; Hamerlynck et al., 2013) .
The fact that the second best model for native grasses had an interaction effect between grazing and E. lehmanniana dominance (lower cover of natives in exotic-dominated plots that were grazed that year) lends some support to the idea that E. lehmanniana expansion can intensify grazing pressures on remnant patches of natives, but results here are inconclusive. Interpreting this evidence is complicated by the fact that the confidence limits around the estimated interaction effect overlaps zero (Table 6) , which suggests that parameter may be uninformative (Arnold, 2010) , but this model is picking up on some signal strong enough to overcome the inherent AIC penalty for adding parameters, and to give it some value in AIC weights.
It is unclear what the long-term net effect of this exotic introduction will be. On the one hand, addition of E. lehmanniana to the total species pool could increase functional resilience (sensu Elmqvist et al., 2003) by adding a disturbance-adapted species that can provide plant cover under conditions that are unfavorable to native perennial grass species, and that can even act as a facultative annual. However, sites that convert from a mixed-species community towards an E. lehmanniana monoculture would likely suffer declines in other important aspects of resilience as species are lost. E. lehmanniana holds soil and reduces soil erosion by rainfall, but may not do this as effectively or efficiently as other grass species (Polyakov et al., 2010) . Where mortality of E. lehmanniana has occurred in near-monoculture settings, large increases in runoff and sedimentation have followed (Polyakov et al., 2010) . Continuing to examine changes in both native and exotic species within different soil settings may clarify what conditions will be able to maintain species and functional diversity under drought conditions, which would reinforce ecosystem resilience, and what conditions will result in alternative states with lower resilience due to lower species and functional diversity. Adaptive management and monitoring systems will be essential to understanding and responding to these alternate pathways.
Other factors showing little association with grass cover
Annual pasture use by livestock was not a good predictor of total perennial grass basal cover in our study, which indicates that climate and other drivers had a stronger influence on ecosystem dynamics at this site during this time period. This dominance of climate over grazing effects is consistent with many other studies (Briske et al., 2008; Fuhlendorf et al., 2001; Mashiri et al., 2008; McClaran et al., 2003 , Ruppert et al., 2015 , though others document cases in which grazing or other defoliation treatments combine with drought to exacerbate drought effects or slow recovery from drought (e.g. McClaran et al., 2003; Ruppert et al., 2015; Whitford et al., 1999) . Lack of obvious effects here could be explained in part by the relatively moderate use levels, or by the adaptive management processes in which vegetation data is examined frequently when making rotation and stocking decisions. Also, our relatively simple dataset on annual pasture use cannot be expected to adequately account for many of the differences in livestock use across time and space during this study period, nor for effects of prior uses.
Both mixed-effects models and the observed declines in shrub cover suggest that shrub encroachment was not a major driver of perennial grass change during our study period. Declines in shrub cover observed at this site from 2004 to 2014 ran counter to the general patterns of long-term shrub encroachment across the region's grasslands (Van Auken, 2000) , and to "regime shift" predictions (Folke et al., 2004) . However, shorter-term mortality and dieback of woody plants is consistent with other drought studies (McAuliffe and Hamerlynck, 2010) . Overall levels of shrub cover here were well below levels seen on nearby lands, so the declines we saw presumably do not represent the fluctuating carrying capacity maxima described in denser stands. The recognition that both perennial grasses and woody plants declined under extended spring dry conditions challenges some conventional wisdom and may provide new insights into studies of savannah dynamics and predictions of future habitat change.
While we found no evidence for immediate effects of leaf litter on grass cover, dynamics of litter deserve additional investigation. Litter is thought to play a role in buffering grasslands from drought impacts, e.g. acting as protective ground cover to reduce evaporation and soil erosion (e.g. Hernandez et al., 2013; Robinett, 1992) . Leaf litter increases here appear to be partially a result of drought, via dieback of standing grass canopies that fall to the ground and potentially via slower decomposition rates . Such litter accumulation during drought may not happen elsewhere, e.g. where overall plant production is lower, or where fire or grazing consume more plant biomass. If not replenished by future plant production, any increased litter cover from drought die-back would presumably dissipate over time and thus the additional ground cover it provides could be short-lived.
Additional insights and recommendations
We draw several insights about the response of these semi-arid grasslands to prolonged drought based on this analysis of working landscape monitoring data. First, these grasslands were fairly resilient to conditions of this most recent drought when compared to other ecosystems in the region, and when compared with grassland degradation pathways in the literature. Whereas woodlands and deserts have experienced widespread and landscape-scale mortality associated with drought conditions in the Southwest (Breshears et al., 2005; McAuliffe and Hamerlynck, 2010) , mortality in these grasslands has been more localized and patchy, while recovery in years with favorable conditions has been fairly rapid. Within grassland ecosystems, much of the resilience literature describes transitions to less productive states as a process where grass cover is lost and replaced by increases in shrub cover and/or bare ground, which are then reinforced by feedback loops (Folke et al., 2004; Bestelmeyer et al., 2013) . In this case we saw neither; grass cover declines were instead accompanied by decreases in both shrub cover and bare ground, at least in the short term. At nearby sites, Scott et al. (2015) have shown that during similar drought conditions, perennial grasslands can function as carbon sinks in years with precipitation levels that make shrubconverted systems become net sources of carbon. The fact that our site sustained perennial grass cover through this drought and did not experience type conversions suggests it has retained its ability to provide key ecosystem services such as carbon sequestration. It remains to be seen whether additional years of drought, ongoing exotic species expansions, and other future impacts could push even this relatively robust system past thresholds of recovery.
Second, as precipitation and temperatures continue to change, examining non-traditional seasons may be necessary to understand ecosystem responses. In this study, cumulative precipitation from January to June was most informative for understanding mortality and declines in grass cover. We would not expect this exact interval to be informative of drought impacts in all semi-arid systems, which differ in typical climate patterns and vegetation phenology (e.g. Gremer et al. Fig. 2 ). Rather the suggestion here is to identify time periods when plants are experiencing the greatest stress due to dry and hot conditions, and test for mortality thresholds associated with these periods. Testing for effects of drought in nontraditional seasons could also add insight to other studies on emergent properties of semi-arid lands, e.g. carbon balance pivot points (Scott et al., 2015) . On the recovery side, one might also expect plant recruitment dynamics to be governed by conditions during a different window (e.g. Neilson, 1986) than those that govern mortality or re-growth from existing plants (Svejcar et al., 2014) .
Third, this study demonstrates how data gathered to inform short-term decisions on working landscapes can be used to gain insights into longer-term ecological resilience. Widespread rangeland monitoring efforts (e.g. Toevs et al., 2011; Woods and Ruyle, 2015) could be key to building on these findings but remain a largely untapped resource. In addition to emphasis on basal cover, more attention should be paid to documenting perennial grass mortality events across broader areas and describing the climate, soil, and land-use conditions associated with them. Field-based monitoring protocols that do not already track mortality could do so with only small modifications. Our findings also suggest that managers could improve their chances for sustaining resilience by tracking rainfall in multiple seasons, (including extended spring in this region), watching for mortality and recruitment events, and establishing contingency plans for various types of seasonal and multi-year drought.
With data such as these, evaluation and interpretation of results should be done regularly as data accumulates; repeating similar analyses every 5e10 years would help test some of the conclusions drawn here, add new insights that could be incorporated into adaptive management systems, and continue to build support for long term monitoring. Expanding the window of observation would help determine, for example, whether dynamics we observed are common across fluctuating climate cycles or dominate only in times of extended drought, and would be better able to test for effects of ongoing temperature increases.
